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Aspergillus fumigatus phytase has been character-Summary
ized as an acid histidine phosphatase. A. fumigatus phy-
tase has a broad pH-dependent activity from pH 2.5 toUnderstanding of the atomic movements involved in
8.0, with pH 5.5 to 6.5 being optimal (Pasamontes et al.,an enzymatic reaction needs structural information
1997; Wyss et al., 1998). A commonly accepted explana-on the active and inactive native enzyme molecules
tion for the preference for acid conditions is that theand on the enzyme-substrate, enzyme-intermediate,
carboxylate group of an asparate residue needs to beand enzyme-product(s) complexes. By using the X-ray
protonated in order to protonate the leaving group (Os-crystallographic method, four crystal structures of
tanin and van Etten, 1993). However, there has been noAspergillus fumigatus phytase were obtained at reso-
information about the solvent structure at the activelution higher than 1.7 A˚. The pH-dependent catalytic
site at alkaline pH, which might provide an alternativeactivity of A. fumigatus phytase was linked to three
explanation for the pH-dependent activity of acid phos-water molecules that may prevent the substrate from
phatases. Recently, a crystal structure of A. fumigatusbinding and thus block nucleophilic attack of the cata-
phytase was determined at the high resolution of 1.5 A˚lytic imidazole nitrogen. Comparison of various struc-
(Xiang et al., 2004). In this structure, the catalytic histi-tures also identified the water molecule that attacks
dine residue proved to be trapped in a partially phos-the phosphamide bond during the hydrolysis process,
phorylated state, providing a rare example of an ob-and established the hydrolysis pathway of the interme-
servable reaction intermediate and the enzymaticdiate. Additionally, two reaction product phosphates
mechanism of this protein family in depth. In this study,were observed at the active site, suggesting a possible
we present four crystal structures of A. fumigatus phy-product release pathway after hydrolysis of the inter-
tase involved in various steps of the enzymatic reaction,mediate. These results can help explain the catalytic
including the active and almost inactive native speciesmechanism throughout the whole acid phosphatase
at pH 5.5 and 7.5, respectively, and the pH 5.5 and 7.5family, as all key residues are conserved.
enzyme-product complexes. Due to the high resolutions
(better than 1.7 A˚) of these structures, the solvent water
Introduction molecules in the active site were accurately determined.
By comparing five A. fumigatus phytase structures, the
As a component in nucleic acids, phospholipids and pH-dependent activity of acid phosphatase has been
ATP, phosphorus is an essential nutrient for all life forms. structurally characterized; substrate binding, reactive
Phytate (myo-inositol hexaphosphate) is the main form intermediate hydrolysis, and the product release path-
of the storage of phosphorus in most foods of plant way are discussed in detail. Results from this study
origin (Harland and Morris, 1995). In order to make phy- not only provide insights into A. fumigatus phytase’s
tate usable in biosynthesis, phytase (EC 3.1.3.8), an en- catalytic mechanism but also provide models for protein
zyme of the histidine acid phosphatase family, is required engineering to construct phytases with high activity and
to remove the phosphate from the phytate (Mitchell et low pH optimum.
al., 1997). It has been proposed that members of this
family hydrolyze phosphomonoesters in two separate
steps (van Etten, 1982): the formation of a phosphohis- Results and Discussion
tidine intermediate through a nucleophilic attack on the
phosphomonoester is followed by the hydrolysis of the The Active Site Structures
covalent intermediate by the recruitment of a water mol- The active site structure of A. fumigatus phytase with a
ecule, releasing the histidine for subsequent enzymatic phosphohistidine reaction intermediate was previously
reactions. All crystal structures of this family possess a reported (Xiang et al., 2004): The phosphate is covalently
much-conserved catalytic site composed of a RHGXRXP bound to the N2 atom of the catalytic residue His59 and
motif for catalysis and a HD motif for substrate binding/ is stabilized by hydrogen bond interactions between
product leaving (Schneider et al., 1993; Kostrewa et al., oxygen atoms of the phosphate and the surrounding
1997, 1999). To investigate such a two-step mechanism, polar residues that are conserved in enzymes of the
efforts were made to study structures of complexes based acid histidine phosphatase family (Figure 1D). The over-
all active site structures of the four A. fumigatus phy-
tases in the current study characterized at various con-*Correspondence: qh22@cornell.edu
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Figure 1. Active Site Structures of Five A. fumigatus Phytases
(A) Native structure at pH 5.5.
(B) Native structure at pH 7.5.
(C) Complex structure at pH 5.5.
(D) The trapped reaction intermediate structure at pH 7.5 (Xiang et al., 2004).
(E) Complex structure at pH 7.5.
(F) Structural superposition of all five structures in the active site region based on conserved  helices longer than 10 amino acid residues—blue,
(A); cyan, (B); green, (C); red, (D); yellow, (E). All figures, if not otherwise stated, were prepared with Bobscript (Esnouf, 1997), Molscript (Kraulis,
1991), or Swiss PDB Viewer (Guex and Peitsch, 1997) and rendered by POV-RAY (www.povray.org).
ditions (native and complex enzyme at pH 5.5 and 7.5) same positions as the three oxygen atoms in a phospho-
rus group of the intermediate, forming a tetrahedral ar-are very similar to that of the phosphorylated structure
described above (Figures 1A–1F). However, in the two rangement with the N2 atom of His59. Such a tetrahedral
conformation is stable and does not favor the nucleo-native structures (at pH 5.5 and 7.5), different water
structures were observed at the active sites (Figures 1A philic attack of the N2 atom on the scissile phosphoester
bond of its substrate unless three water molecules areand 1B). At pH 5.5, there is a very stable water molecule
(W14) in the active site with hydrogen bond interactions removed. However, as shown in Figure 1A, such a tetra-
hedral conformation does not exist in the active form ofto water molecule W4, His59 N, and His338 O. Structural
alignments of these five structures show that residues the native structure at pH 5.5. The reason why different
water structures were observed in structures deter-His59, Arg142, and His338 in pH 5.5 native A. fumigatus
phytase are differently positioned from the same resi- mined at different pH values may be due to the pK
values of the side chains. In the native A. fumigatusdues in other four structures (Figure 1F). This positioning
makes a space large enough to contain the water mole- phytase structures, all active residues are exposed to
solvent and subjected to protonation and deprotonationcule (W14). The large active site may be of help in the
substrate binding. induced by changes of solvent pH values. The pK value
for an arginine residue is 12.5, so Arg58, Arg62, andIn the pH 7.5 native active site, W14 disappears. In-
stead, three water molecules (W55, W89, and W97) re- Arg142 should be kept protonated at both pH 5.5 and
7.5. But for a histidine residue, the pK for the N2 atomside just above the catalytic residue His59 and form a
plane perpendicular to the ring of His59. These three is about 6.0, favoring protonation at pH 5.5 and deproto-
nation at pH 7.5. The deprotonated His59 N2 may actwater molecules have extensive hydrogen bond interac-
tions with the N2 atom of His59 and other functionally as an acceptor in the hydrogen bond interactions. Com-
paring the water structures at the native form activeconserved residues including Arg58, Arg62, Arg142,
His338, and Asp339 (Figure 1B). Compared with the sites (Figures 1A and 1B), when pH value increases,
W14 in the pH 5.5 structure may move to the positionphosphorylated enzyme’s structure as shown in Figures
1D and 1F, these three water molecules take almost the of W97 in the pH 7.5 structure and form a hydrogen
Enzymatic Dynamics of A. fumigatus Phytase
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Figure 2. Electron Densities of Two Phosphate Ions Complexed with the Crystal Structure of A. fumigatus Phytase
Two phosphate ions and protein residues involved in hydrogen bond interactions to phosphate ions are drawn in ball and stick representation.
The 2Fo  Fc and Fo  Fc density maps are shown in dark green (contoured at 1.6) and red (contoured at 4.0), respectively.
bond interaction with the deprotonated His59 N2. There- structures are highly conserved throughout the acid his-
tidine phosphatase family. In the pH 5.5 enzyme-productfore, the deprotonation of His59 N2 may be the reason
for the tetrahedral structure formation. The protection complex structure, two phosphate ions (PO4 501 and
PO4 502) were identified as shown in Figure 2. To makeof the N2 atom of His59 by three water molecules could
be the structural basis of the great reduction of activity a substrate binding model in a similar way as elucidated
by Shin et al. (2001), the complex model of mutant E. coliof A. fumigatus phytase at alkaline pH. Considering that
all the above-mentioned functional residues are con- phytase and phytate (Lim et al., 2000) was selected as
the docking target. First, the conserved RHGXRXP motifserved throughout the acid histidine phosphatase fam-
ily, such an explanation for the pH-dependent activity of E. coli phytase together with phytate was locally
aligned to the active site of A. fumigatus phytase, re-of A. fumigatus phytase could be reasonably extended
to the entire family. sulting in an initial substrate binding model. Then, the
phytate was adjusted to a conformation so that itsAlthough phytate, rather than phosphate, was soaked
into the crystals at pH 5.5 and 7.5, respectively, the 3-phosphate and 4-phosphate groups were aligned with
PO4 501 and PO4 502, respectively, in the pH 5.5 en-resultant crystal structures show clear densities for
phosphate ions at the active site (Figure 2), indicating zyme-product complex structure as shown in Figure 3.
All rotational bonds in the phytate were adjusted accord-that phytate can be hydrolyzed in the crystals of
A. fumigatus phytase at both pH values. The phosphate ingly to obviate structural clash with protein residues.
The 3-phosphate matches quite well with PO4 501; theions are stabilized by surrounding polar residues
through hydrogen bond interactions. At pH 7.5, the inter- oxygen atoms of the 4-phosphate could not be superim-
posed with their counterparts of PO4 502 although theaction distances between the N2 atom of His59 and
three oxygen atoms are almost equal at 2.9 A˚. At pH two phosphorus atoms overlap nicely. The distances
between His59 N2 and the three oxygen atoms are5.5, however, the phosphate ion swings away from the
N2 atom of His59, so that the distances between the 3.14 A˚ (to O43), 3.29 A˚ (to O33), and 2.50 A˚ (to O23).
The N2 atom of His59 is only 3.10 A˚ away from thethree oxygen atoms and the N2 atom are no longer
equal, suggesting unstable enzyme-product interac- phytate 3-phosphorus and the Asp339 O1 atom is 2.59 A˚
to the O13 atom of the phytate, close enough to favortions, leading to easier release of product. It may be
inferred that the stability of the reaction product at the the nucleophilic attack of the phosphoester bond and
the protonation of the leaving group. The stepwise re-active site is related to its activity: the more stable the
product, the less active the enzyme. moval of phytate’s phosphate groups as characterized
by biochemical methods (Wyss et al., 1999) could be
structurally explained by the selective role of residuesSubstrate Binding
The overall structures of most of these acid phospha- binding to PO4 502 in a similar way elucidated by Shin
et al. (2001).tases could vary greatly; however, the catalytic site
Structure
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Figure 3. Ball-and-Stick Representation of Modeling Substrate into the Catalytic Pocket of A. fumigatus Phytase
The phytate substrate from E. coli phytase complex structure was aligned into A. fumigatus phytase based on two phosphate ions binding
positions found at the active site of A. fumigatus phytase. Two phosphate ions (PO4 501 and PO4 502) are colored in blue and phytate is
shown with the following color scheme: carbon, gray; oxygen, red; and phosphorus, purple. The nucleophilic attack distance (3.10 A˚) and the
protonation distance (2.56 A˚) are drawn with dash lines colored in blue and green, respectively. The fourth phosphate group in phytate may
interact with residues Gln27, Tyr28, and Lys278.
Specificity and Catalytic Activity Intermediate Hydrolysis
As a well-accepted process of acid phosphatase cataly-A. fumigatus phytase has been biochemically shown to
sis, the removal of phosphate from phytate requires thehave broad substrate specificity and low activity com-
stabilization of the reaction intermediate to allow thepared with E. coli phytase. The comparison of the struc-
release of nonphosphate product and the recruiting oftural differences of the two enzymes could explain the
a water molecule for the following hydrolysis of the inter-enzyme’s catalytic activity and specificity structurally.
mediate. Without a proper orientation of the transientA. fumigatus phytase has a larger catalytic pocket
intermediate, the water molecule cannot attack the pho-than E. coli phytase does, which may be the reason why
sphamide bond properly and thus the reaction will beA. fumigatus phytase has broader substrate specificity
disrupted. In A. fumigatus phytase, the reaction interme-(Figures 4A and 4B). With the large catalytic pocket,
diate contains a phosphohistidine residue stabilized byA. fumigatus phytase can hydrolyze a number of sub-
intensive hydrogen bond interactions between threestrates such as phytate, fructose, glucose 6-phosphate,
oxygen atoms of the phosphate and five conservedribose 5-phosphate, AMP, ATP, and so on; but E. coli
functional residues (Arg58, Arg62, Arg142, His338, andphytase can only allow phytate as its specific substrate
Asp339) together with water molecules (Figures 1D and(Wyss et al., 1999; Tomschy et al., 2002). Further inspec-
6). Superimposing the active site solvent structures oftion of the two enzymes reveals that helix 209–228 in
the native enzyme, intermediate complex, and productE. coli phytase, but not present in A. fumigatus phytase,
complex (all three structures determined at pH 7.5), ittakes up space at the active site, thus preventing non-
was found that most of the water molecules are conservedphytate substrate from entering (Figure 5).
in all three structures and occupy almost the same posi-
Because phytate is a negatively charged molecule,
tions (Figure 6). Since the hydrolysis of the intermediate
positively charged residues in the enzymes may help requires the recruitment of a water molecule, it is of
phytate enter the catalytic pocket. On the electrostatic interest to determine which water molecule will play a
potential surfaces (Figures 4A and 4B) for A. fumigatus part in the following attack on the phosphamide bond
phytase and E. coli phytase, it was found that most of and how the reaction can occur. In the native structure
the residues immediately above the catalytic pocket are at pH 7.5, four water molecules take almost the same
positively charged (colored in blue). However, right be- positions as the four oxygen atoms of the phosphate
low the catalytic pocket, the negative charge accumula- ion in the enzyme-product complex (colored green for
tion was found in A. fumigatus phytase (Figure 4A) and native and yellow for enzyme-product complex, respec-
positive charge accumulation found in E. coli phytase tively, in Figure 6). In the intermediate structure, these
(Figure 4B). The absence of positively charged residues four water molecules are replaced by the covalently
at this region in A. fumigatus phytase may be one of bound phosphate and water W106 (colored red in Figure
the reasons for the enzyme’s lower catalytic activity 6). Considering that all other water molecules in the
active site are conserved and appear in all three crystalcompared with that of E. coli phytase.
Enzymatic Dynamics of A. fumigatus Phytase
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Figure 4. Electrostatic Surfaces of A. fumigatus Phytase and E. coli Phytase
The substrates are shown as balls and sticks. Positive potential is colored in blue and negative potential is colored in red.
(A) The electrostatics distribution of A. fumigatus phytase is shown.
(B) The electrostatics distribution of E. coli phytase is shown. The catalytic pocket in A. fumigatus phytase is much larger than that in E. coli
phytase, allowing a broader range of substrates to be recruited for hydrolysis.
structures (Figure 6), it may be concluded that W106 will intermediate. W231 has a hydrogen-bonding interaction
to W106 at an interaction distance of 2.63 A˚, shieldingtake part in the hydrolysis of the reaction intermediate.
W106 will disappear after the reaction by providing a the attack of W106 on the intermediate phosphamide
bond. In the native and product-enzyme complex struc-proton to the carboxylate group of Asp339 and a hy-
droxyl group to the phosphorus. It should be stressed tures, W231 may shift away from the present position;
W106 can then gain access to the phosphorus alongthat the distance between W106 and the phosphorus is
4.02 A˚, too far for a nucleophilic attack. Such a long the axis perpendicular to the plane composed of the
three equatorial atoms of the phosphate group, favoringdistance may help explain why the reaction intermediate
could be trapped in the crystal structure. Further investi- the hydrolysis of the intermediate.
The intermediate hydrolysis may be accompanied bygation of the environment of W106 reveals another water
molecule (W231) lying between W106 and the reaction slight conformational changes for the side chain resi-
Structure
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Figure 5. Substrate Specificity of A. fumigatus Phytase
Structural comparison at the active sites of A. fumigatus phytase (colored in purple) and E. coli phytase (red and blue). Helix 209–228 (blue)
is not present at the active site of A. fumigatus phytase, suggesting that the broad substrate specificity of A. fumigatus phytase is due to its
larger active site volume. Phytate and the surrounding residues in A. fumigatus phytase are also shown in ball-and-stick representation.
dues of Arg62, Arg142, and His59 as shown in Figure values. In the complex structure at pH 7.5, one phos-
phate ion (PO4 501) was found at the normal catalytic6. One oxygen atom of the phosphorus group is fixed
by hydrogen-bonding interactions with Asp339 N and binding site with a distance of 3.0 A˚ from the phosphorus
to the N2 atom of His59; however, in the complex struc-His338 N1 before and after the hydrolysis, but two other
phosphate oxygen atoms shift slightly after the hydroly- ture at pH 5.5, an additional phosphate (PO4 502) was
identified near the previous phosphate (Figures 2 andsis of the intermediate. In addition, breakage of the
phosphamide bond makes the imidazole ring of His59 3). The absence of the second phosphate ion at pH 7.5
was perhaps due to the low concentration of phosphateswing away from the phosphate product. Together with
the concerted movements of the guanidine groups on in the crystal. As pH 5.5 is the optimum reaction pH for
A. fumigatus phytase, with the same amount of sub-residues Arg58, Arg62, and Arg142, this motion facili-
tates product release. strate (0.5 l 0.1 M phytate) being added to the drop
containing crystals, the enzyme would produce more
phosphate ions at pH 5.5 than at pH 7.5, resulting in aProduct/Phosphate Release
Phosphate ions were detected at the active sites of the higher concentration of phosphate ions at pH 5.5. There
would be equilibrium between binding and disassocia-crystal structures of two complexes with different pH
Figure 6. Hydrolysis of the Reaction Intermediate by a Water Molecule
The color scheme is as follows: red for intermediate structure (Xiang et al., 2004); green for native structure; and yellow for product-complex
structure. All three structures were obtained at pH 7.5—the activity of A. fumigatus phytase was greatly reduced at this pH. Water molecules
are shown in CPK mode.
Enzymatic Dynamics of A. fumigatus Phytase
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Figure 7. The Release Pathway of Phosphate
Ions
PO4 501 is the phosphate near the catalytic
residue and PO4 502 is the phosphate with
hydrogen bonding to five water molecules.
This figure was prepared with Ligplot (Wal-
lace et al., 1995).
tion of phosphate ions at the enzyme’s secondary phos- found to interact with PO4 502. It has been shown that
the mutation of Gln27 to Leu, Thr, or Ile can promotephate binding site, and the higher concentration of phos-
phate ions would make it easier for a phosphate ion to product release (Tomschy et al., 2000, 2002). This effect
may be attributed to the disruption of the interactionsbind. As the result of such a dynamic equilibrium, two
phosphate ions could be trapped at the active site at between the product and the mutated residues, thus
facilitating the release of PO4 502. Based on the interac-pH 5.5 but not at pH 7.5. The second phosphate bound to
pH 5.5 phytase suggests a possible phosphate release tion model of Tyr28, Lys278, and the enzyme, it may be
hypothesized that the mutation of Lys278 and/or Tyr28pathway after hydrolysis of the reaction intermediate.
As shown in Figure 7, residues Arg62 and Asp339, and to negatively charged or neutral residues may also help
product release because of the reduced attractive inter-W347, have hydrogen-bonding interactions to both
phosphate ions, demonstrating their function in phos- action between PO4 502 and the mutant residues. This
hypothesis could be confirmed by site-directed muta-phate release. Asp339 has hydrogen-bonding interac-
tions with both phosphate ions showing that both of its genesis and could be used to engineer the enzyme.
Therefore, results reported here not only provide a struc-carboxylate atoms are protonated. The second phos-
phate ion has hydrogen-bonding interactions with four tural basis for the product release mechanism but could
also be used for structure-based protein engineering tosurrounding water molecules that may prevent interac-
tions between this phosphate and protein atoms, thus produce phytase with high activity.
further aiding phosphate release. Comparing the struc-
tures of the enzyme-product complex and the native
Experimental Procedures
enzyme at pH 5.5 (Figures 1F and 7), it may be postulated
that the translocation of PO4 501 to PO4 502 requires Protein Preparation and Crystallization
The expression and purification of Aspergillus fumigatus phytasebreakage of the hydrogen bond interactions of phos-
are described elsewhere (Rodriguez et al., 2000). Crystals at twophate to His338 and Arg142 and shifts of the side chains
different pH conditions were obtained. The acidic crystals wereof these two residues. Then PO4 501 may rotate to PO4
obtained by mixing 1.5 l of 16 mg/ml phytase solution with an502 position by keeping the hydrogen bond interaction
equal volume of precipitant containing 0.2 M magnesium chloride
with Arg62 N2 and swapping the two carboxylate atoms hexahydrate, 0.1 M citrate (ph 5.5) and 23% w/v PEG 4000; the
of Asp339. alkaline crystals were obtained by replacing 0.1 M citrate (pH 5.5)
with 0.1 M HEPES (pH 7.5) and using phytase solution at a reducedThere are additional residues (Tyr28, Gln27, and Lys278)
Structure
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Table 1. Data Collection and Refinement Statistics
Data Collection
Native pH 5.5 Native pH 7.5 Complex pH 7.5 Complex pH 5.5
Space group P212121 P43212 C2 P212121
Cell parameters (A˚, ) a 	 39.94, b 	 95.22, a 	 b 	 70.13, a	132.21, b 	 70.06, a 	 39.71, b 	 99.48,
c 	 98.13 c 	 186.24 c 	 47.09, 
 	 93.63 c 	 100.75
Resolution (A˚)a 30–1.69 (1.72–1.69) 30–1.58 (1.61–1.58) 30–1.64 (1.67–1.64) 30–1.65 (1.68–1.65)
Unique reflections 39,429 64,445 52,974 45,787
Multiplicity 4.15 10.34 3.42 4.71
I/ 28.39 (3.61) 49.63 (3.53) 27.11 (2.36) 40 (5.26)
Rmerge(%)b 5.9 (50.9) 5.6 (52.5) 5.3 (52.5) 5.6 (38.8)
Completeness (%) 92.0 (83.5) 99.5 (99.3) 99.3 (94.0) 93.5 (80.3)
Refinement
R factor (%) 16.2 16.9 16.7 17.48
Rfree factor 22.1 20.3 20.5 23.1
Rms deviations
Bond lengths (A˚) 0.02 0.01 0.02 0.02
Bond angles () 1.65 1.44 1.60 1.57
a Values in parentheses are from the highest resolution shell.
b Rmerge 	 |I  I|/I.
concentration of 7.7 mg/ml. Complex crystals of phytase-PO4 at Harland, B.F., and Morris, E.R. (1995). Phytate: a good or a bad food
component. Nutr. Res. 15, 733–754.pH 5.5 were obtained by adding 0.5 l 0.1 M phytate (purchased
from Sigma) to the drop containing crystals and allowing 10 days Guex, N., and Peitsch, M.C. (1997). SWISS-MODEL and the Swiss-
for equilibration. The pH 7.5 complex crystals were obtained by PdbViewer: an environment for comparative protein modeling. Elec-
soaking pH 7.5 crystals with 0.5 l 0.1 M phytate for 1 week. trophoresis 18, 2714–2723.
Kostrewa, D., Gruninger-Leitch, F., D’Arcy, A., Broger, C., Mitchell,Data Collection and Structure Refinements
D., and van Loon, A.P.G.M. (1997). Crystal structure of phytase fromDiffraction data for all crystals were collected from cryo-protected
Aspergillus ficuum at 2.5 A resolution. Nat. Struct. Biol. 4, 185–190.crystals, at a temperature of 100 K, at MacCHESS A1 station. A
Kostrewa, D., Wyss, M., D’Arcy, A., and van Loon, A.P.G.M. (1999).total of 180 frames with an oscillation angle of 1 were recorded for
Crystal structure of Aspergillus niger pH2.5 acid phosphatase ateach data set. Data processing was performed using the programs
2.4 A˚ resolution. J. Mol. Biol. 288, 965–974.DENZO and SCALEPACK (Otwinowski and Minor, 1997). The crystal-
lographic statistics of data collection and processing are summa- Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both de-
rized in Table 1. At pH 7.5, protein could be crystallized in both tailed and schematic plots of protein structures. J. Appl. Crystallogr.
space group C2 and space group P43212, but at pH 5.5, crystals 24, 946–950.
were only obtained in a different space group, P212121. Initial phases Jones, T.A., Zou, J.Y., Cowan, S.K., and Kjeldgaard. (1991). Im-
were obtained by molecular replacement (Navaza, 1994) using the proved methods for binding protein models in electron density maps
model of 1QWO, the A. fimigatus phytase structure carrying a phos- and the location of errors in these models. Acta. Crystallogr. A 47,
phorylated histidine residue (Xiang et al., 2004). The structures were 110–119.
refined using the programs REFMAC (Murshudov et al., 1997) and
Lamzin, V.S., and Wilson, K.S. (1997). Automated refinement forArp_warp (Lamzin and Wilson, 1997) iteratively. Model building of
protein crystallography. Methods Enzymol. 277, 269–305.the reaction products and the N-term acetylglucosamine residues,
and adjustments for some residues were carried out in O (Jones et Lee, D.C., Cottrill, M.A., Forsberg, C.W., and Jia, Z. (2003). Functional
al., 1991). The final refinement results and geometric statistics are insights revealed by the crystal structures of Escherichia coli glu-
also listed in Table 1. cose-1-phosphatase. J. Biol. Chem. 278, 31412–31418.
Lim, D., Golovan, S., Forsberg, C.W., and Jia, Z. (2000). Crystal
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Accession Numbers
Atomic coordinates have been deposited in the Protein Data Bank
(accession codes 1SK8 [complex, pH 5.5], 1SK9 [complex, pH 7.5],
1SKA [native, pH 5.5], and 1SKB [native, pH 7.5]).
